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ABSTRACT 
Mn(dik)2•TMEDA complexes [TMEDA = N,N,N’,N’-tetramethylethylenediamine; Hdik = 
1,1,1,5,5,5-hexafluoro-2,4-pentanedione (Hhfa), or 1,1,1-trifluoro-2,4-pentanedione (Htfa)] are 
investigated as potential manganese molecular precursors for plasma assisted-chemical vapor 
deposition (PA-CVD) of Mn-containing nanomaterials. In this regard, the chemico-phys ica l 
properties, spin states and fragmentation behavior of Mn(dik)2•TMEDA are presented and 
discussed in the framework of a comprehensive experimental–theoretical investigat ion. 
Preliminary PA-CVD validation shows the possibility of varying Mn oxidation state, as well as 
the system chemical composition from MnF2 to MnO2, by simple modulations of the reaction 
atmosphere, paving the way to a successful utilization of the target compounds in the growth of 
manganese-containing nanomaterials for different technological applications. 
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INTRODUCTION  
Manganese-based fluorides and oxides span a wide range of applications, encompassing catalysis, 
sensing, charge storage and magnetoresistance, among others.1-5 Many of these applications 
exploit the multi-valence character and the spin states of Mn, as well as the various stoichiometr ies 
and crystal structures of the resulting materials.6 In particular, MnF2 thin films and nanostructures 
have attracted attention for their antiferromagnetic properties,7-9 as well as anodes for rechargeable 
lithium batteries10-12 and electrodes for super/pseudocapacitors.13 In this regard, efforts have also 
been dedicated to the production of MnO2-based systems, which were reported to exhibit high 
power density and long-term cycling stability.6,14-15 MnO2-based nanomaterials have also been the 
subject of attention in the fabrication of heterogeneous catalysts for a variety of reactions.4-5,16 
Among the different synthetic routes to manganese-based nanosystems,6,17 chemical vapor 
deposition (CVD) and atomic layer deposition (ALD) hold a significant promise for the tailored 
fabrication of high quality films and nanoarchitectures.1,18-20 Nevertheless, the successful 
development of CVD/ALD synthetic protocols is directly dependent on the availability of volatile 
precursors, ensuring a reproducible mass supply and endowed with clean 
decomposition/fragmentation patterns.21-22 So far, only a few reports on the preparation of MnF2 
layers by ALD23 and CVD8 are present in the literature, whereas most studies have been dedicated 
to the synthesis of supported Mn oxide systems. In this context, several molecular precursors have 
been proposed and tested, encompassing different manganese bis(amidinates),18,2 4  
bis(ethylcyclopentadienyl)manganese1,23,25-29 and various -diketonates, as, for instance, 
Mn(dpm)3 (Hdpm = 2,2,6,6-tetramethyl-3,5-heptanedione),2-3,30 Mn(acac)2(H2O)2 (Hacac = 2,4-
pentanedione),20 and Mn(hfa)2(H2O)2.31 Some of these works have reported on the formation of 
Mn(II),29 Mn(III) oxides,2 Mn5O8,1 as well as Mn3O43,32 and MnO2.3 In most of these studies, the 
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authors report on the formation of unspecified MnOx systems.24-26,28 As regards MnF2, the 
interrelations between processing conditions and nanomaterial properties have been only scarcely 
explored so far, and undoubtedly deserve further investigation. 
In the framework of CVD approaches, plasma assisted-CVD offers unique advantages for the 
possibility of controlling precursor reactivity and nano-organization of the resulting material under 
non-equilibrium conditions.33-34 In fact, the unique activation exerted by cold plasmas enables the 
obtainment of crystalline nanodeposits even at low temperatures on thermally labile substrates, 
with relevant technological advantages.35 Nevertheless, to the best of our knowledge, only one 
work from (methylcyclopentadienlyl)manganese tricarbonyl on the PA-CVD of Mn oxide films is 
available in the literature.36 The same precursor has also been activated by electronic bombardment 
to yield Mn-based systems.21 Even in these cases, the controlled formation of phase-pure 
manganese oxides with prescribed oxidation states remains a challenging issue,5,20,27 whose 
solution requires a proper selection of both molecular precursors and processing conditions. In 
fact, the possibility of producing manganese-containing systems with controlled oxidation states, 
phase composition and morphology is a key requirement to tailor their functional behavior for a 
variety of technological applications.36 
In this context, the present work proposes the use of Mn(II) diamine diketonates as novel molecular 
precursors for the PA-CVD of Mn fluoride and oxide nanomaterials. The attention is focused on 
molecules of general formula Mn(dik)2•TMEDA [TMEDA = N,N,N’,N’-
tetramethylethylenediamine; Hdik = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (Hhfa), or 1,1,1-
trifluoro-2,4-pentanedione (Htfa)]. Very recently, our group has reported the characterization of 
the structural and thermal decomposition properties of these compounds, and their successful 
validation in preliminary thermal CVD experiments enabling the production of high purity, single-
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phase Mn3O4 nanosystems on different substrates.37 Encouraged by these results, herein we focus 
ou attention on the investigation of Mn(dik)2•TMEDA properties in view of their application as 
PA-CVD precursors. The importance of this study is highlighted by the fact that whereas Mn(II) 
-diketonates with unfluorinated ligands are normally converted into Mn(III) -diketonates,32 the 
+2 valence state for manganese can be stabilized by the use of fluorinated -diketonates,31 yielding 
complexes characterized by a monomeric structure and a clean decomposition pattern.19,38-39 These 
features are of great importance for PA-CVD applications, for which the number of available 
precursors is even more restricted than in thermal processes.33 
In this study, Mn(hfa)2•TMEDA and Mn(tfa)2•TMEDA have been investigated in detail by a joint 
theoretical and experimental multi-technique approach, in order to attain a deep insight into their 
molecular properties and fragmentation pathways, which are of specific relevance for their 
ultimate PA-CVD applications. Finally, as a proof of concept, preliminary results obtained through 
PA-CVD experiments starting from Mn(tfa)2•TMEDA, a completely new PA-CVD precursor, are 
presented and discussed. The results show that variations of the adopted plasma feeding gases, 
with particular regard to the presence of oxygen, enable to obtain either MnF2 or MnO2 
nanodeposits with finely tuned structure, morphology and chemical composition. 
 
EXPERIMENTAL SECTION 
Mn(dik)2•TMEDA synthesis and characterization 
The preparation of the target compounds carried out following a recently reported synthetic 
procedure.37 The compound melting points (m.p.) were measured in air at atmospheric pressure 
using a FALC melting point device, yielding m.p. = 86°C for Mn(hfa)2•TMEDA40 and 99°C for 
Mn(tfa)2•TMEDA, respectively. Elemental analyses were performed by means of a Fisons Carlo 
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Erba EA1108 apparatus (CHNS version). Calcd. for Mn(hfa)2•TMEDA: C, 32.8%; H, 3.1%; N, 
4.8%. Found: C, 33.6%; H, 2.9%; N, 4.8%. Calcd. for Mn(tfa)2•TMEDA: C, 40.3%; H, 5.1%; N, 
5.9%. Found: C, 40.9%; H, 5.1%; N, 6.0%.  
Density functional theory (DFT) geometry optimizations (GO) on Mn(dik)2•TMEDA complexes 
and molecular ions were performed using the Gaussian 0941 code. The thermal behaviour of such 
species was explored by first principles molecular dynamics simulations (FPMD)42 using the 
CPMD code43 and a computational setup adopted for other M(hfa)2•TMEDA systems (M = Cu,44-
45 Zn,46 and Fe47), enhanced with dispersion corrections.48 Technical details of all GO and FPMD 
calculations are reported in the Computational Section in the SI. 
1H and 13C nuclear magnetic resonance (NMR) spectra were obtained at 25°C on 0.1 M solutions 
of the compounds in CDCl3 using a Bruker AC-200 MNR spectrometer, equipped with a 4.7 T 
crio-magnet and operating at o = 200.13 MHz on 1H and o = 50.32 MHz on 13C. Chemical shift 
values (, ppm) were reported with reference to internal Me4Si. For 1H spectra, the largest allowed 
sweep width of 74 kHz (370 ppm) was used. In the case of 13C measurement, spectra were first 
recorded using 0.0 ppm as offset using the largest possible sweep width (700 ppm). The offset 
was then shifted downfield and upfield by 700 ppm steps to cover all the possible resonance 
regions, until the disappearance of resonances. A scan number of at least 4 millions was used in 
each experiments (time domain = 4K Words, repetition time = 0.2 s). Only very broad lines were 
observed in the 13C spectra, the half-width (hw1/2) being typically 30 KHz (70 kHz for resonances 
at  230-260). 
Infrared (IR) spectra were recorded in transmittance mode on KBr pellets of the target compounds 
by using a Thermo-Nicolet Nexus 860 instrument (peak resolution = 4 cm1). Theoretica l 
vibrational frequencies were compared with experimental IR data. Calculated minima had all 
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positive frequencies and were in the high-spin state (see Computational Section, SI). 
Electron impact-mass spectrometry (EI-MS) spectra were recorded by using a Varian MAT 
spectrometer adopting standard EI conditions (EI = 70 eV). 
PA-CVD of Mn-containing nanosystems 
MnF2 and MnO2 nanosystems were deposited by means of a custom-built two-electrode PA-CVD 
reactor [radio frequency (RF) =13.56 MHz; electrode diameter = 9 cm; electrode-to-electrode 
distance = 6 cm].49 Before deposition, Si(100) substrates (2×2 cm2) were ultrasonically cleaned in 
a sulphonic detergent solution, rinsed with deionized water and then with isopropylic alcohol. 
After drying in air, they were mounted by means of metallic clips on the reactor grounded 
electrode, whose temperature was maintained at 300°C. Experiments were performed for 1 h at a 
total pressure of 1.0 mbar and a RF-power of 20 W. The precursor (0.20 g for each deposition), 
placed in an external glass reservoir, was vaporized at 85°C by means of an oil bath, and 
transported into the reaction chamber by an Ar flow [60 standard cubic centimeters per minute 
(sccm)]. To prevent detrimental condensation processes, gas lines connecting the precursor vessel 
and the reactor were maintained at 150°C by means of external heating tapes throughout each 
deposition. For MnF2 and MnO2 growth, additional Ar (15 sccm) and Ar+O2 (15+15 sccm) flows, 
respectively, were introduced directly into the reactor chamber using separated inlets. 
Material characterization 
The system crystallinity was investigated by X-ray diffraction (XRD) analyses using a Bruker D8 
Advance diffractometer, using a CuK source ( = 1.5418 Å) powered at 40 kV, 40 mA, at a fixed 
incidence angle of 1.0°. The average crystallite sizes were estimated by using the Scherrer formula.  
The nanomaterial morphology was analyzed by field emission-scanning electron microscopy (FE-
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SEM) using a Zeiss SUPRA 40VP instrument, operated at a primary beam voltage of 10 kV.  
X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Perkin–Elmer  5600ci 
spectrometer using a standard AlK source (excitation energy = 1486.6 eV). Binding energy (BE; 
standard deviation = 0.2 eV) charging shifts were corrected by assigning to the adventitious C1s 
signal a position of 284.8 eV.50 After background subtraction, spectra were fitted, where necessary, 
with Gaussian–Lorentzian functions. Atomic percentages were evaluated using Φ V5.4A 
sensitivity factors. Ar+ sputtering was carried out at 4.0 kV, with an Ar partial pressure of 510–8 
mbar. 
 
RESULTS AND DISCUSSION 
We begin by taking into account the main structural features of both Mn(hfa)2•TMEDA and 
Mn(tfa)2•TMEDA compounds (Figure 1). As can be observed, irrespective of the used -
diketonate, the coordination environment around the Mn(II) center is a distorted octahedron, as 
already reported for homologous M(hfa)2•TMEDA complexes where M = Fe,51 Co,19 Cu38 and 
Zn.46 As regards Mn(tfa)2•TMEDA, three structural isomers, characterized by different relative 
positioning of the –CH3 and –CF3 groups, would be, in principle, possible (see Figure 1). 
Calculations were thus performed on all three isomers to understand why only one of them – 
namely, iso1 – was actually found in the crystallized compound.37 In line with the experimenta l ly 
determined structure, the most stable isomer, iso1 [see Table S1, Supporting Information (SI)], 
provided the closest agreement with the experimental IR spectrum (Figure S1, SI). By comparing 
the geometries of the three isomers, the greater stability of iso1 was attributed to the co-presence 
of both methyl groups, which have a lower steric hindrance than CF3 ones, in the octahedral basal 
plane. 
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Figure 1. Calculated structures of Mn(hfa)2•TMEDA and Mn(tfa)2•TMEDA. For the latter 
compound, the three possible isomers (iso1, iso2, and iso3) are shown. The two equatorial 
oxygens, which lie in the octahedral basal plane, trans to the TMEDA ligand, are labelled as Oe 
(Oe1, Oe2). The two axial oxygens, positioned at the vertices of the coordination octahedron, are 
labelled as Oa (Oa1, Oa2). Calculated energy differences (ΔE) between the three optimized 
geometries predict that the most stable isomer for Mn(tfa)2•TMEDA is iso1 [ΔE (iso2-iso1) = 2.9 
kcalmol1; ΔE (iso3-iso1) = 2.4 kcalmol1]. Atom color codes: Mn, pink; O, red; F, green; N, 
blue; C, grey; H, white. 
Beside obvious differences in the diketonate ligands, the structures of the two compounds share 
many important features, especially in the Mn coordination environment. Their geometrica l 
parameters, closely related to the strength of the metal-ligand interactions, yield preliminary 
indications on possible decomposition routes of the complexes.45-46 Importantly, in both precursors 
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the MnN distances are longer than the MnO ones, as observed for M(hfa)2•TMEDA (M = Fe,51 
Co,19 and Zn46). This feature, which may suggest a looser binding of TMEDA to the metal center,47 
is more for Mn(tfa)2•TMEDA, in which the MnN and MnO coordination distances differ almost 
by 0.2 Å (Table 1). 
For both complexes, the sextet spin state was found to be the most stable (see Computationa l 
section, SI), evidencing thus the paramagnetic character of both molecular systems. Owing to the 
latter feature, NMR analyses on Mn(dik)2•TMEDA are indeed quite challenging and, in fact, no 
previous studies reporting such characterization on similar systems are available in the literature. 
Following our recent works on high-spin molecular systems, such as Fe(hfa)2•TMEDA39 and 
Fe(dpm)3,33 in this paper NMR characterization has been extended to the present Mn precursors. 
As a matter of fact, the obtained chemical shift values, as well as the line broadening for the 
obtained compounds, are strongly affected by their intense paramagnetism, the signals being 
dramatically shifted downfield or upfield by the coupling of the 1H nuclear spin with the unpaired 
electron(s) density. The 1H-NMR spectrum of Mn(hfa)2•TMEDA (Figure S2, SI) consisted mainly 
of a broad resonance at  2.0 (hw1/2  1.3 KHz) with three superimposed less broadened resonances 
at  1.26 and  0.1 (hw1/2  40 Hz). The same signal was observed in the 1H-NMR spectrum of 
Mn(tfa)2•TMEDA, with one additional broad resonance located at  49 (hw1/2  4 KHz) attributed 
to protons of the methyl groups bonded to carbonyls, that were absent in the former compound. 
No other signals were detected outside the interval of chemical shift values ranging from 183  to 
-183 . 13C-NMR spectra (not shown) displayed a series of extremely broadened resonances in the 
chemical shift range 750  to -750 . The hw1/2 values were  30 kHz, except for the broad 
resonance at  = 245+15 (hw1/2 value  70 kHz), which was attributed to the carbon nuclei nearest 
to the Mn center, i.e., those belonging to carbonyl groups. 
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Figure 2. Comparison of experimental (a) and simulated (b) IR spectra of Mn(hfa)2•TMEDA and 
Mn(tfa)2•TMEDA.  
The experimental and simulated IR spectra of the two Mn complexes (Figure 2) were in line with 
those previously reported for M(hfa)2•TMEDA (with M = Fe, Cu).38,51 Due to the different nature 
of the used dik ligands, the main differences between the spectra of the two compounds (compare 
Table S2, SI) were found in the 1200–1400 cm1 range - mainly pertaining to CF3 and CH3 
vibrations - and in the carbonyl stretching region  (Figure 2). In particular, the peak at 1360 cm-1, 
which appeared only in the Mn(tfa)2•TMEDA spectrum, is specific of the CH3 bending modes. 
The carbonyl peak (found at 1656 and 1640 cm1 for Mn(hfa)2•TMEDA and Mn(tfa)2•TMEDA, 
respectively) was more red-shifted for the complex with the shorter MnO distances, i.e. 
Mn(tfa)2•TMEDA (Table 1), indicating that tfa is bound to Mn more tightly than hfa. For both 
complexes, Mn–O stretching frequencies were higher than Mn–N ones, and the effect was more 
pronounced for Mn(tfa)2•TMEDA. This result indicated that, in the minimum structures obtained 
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from GO (i.e. at 0 K), the diketonate is bound to Mn more strongly than the diamine, especially in 
the case of tfa. To verify if this bonding scheme holds also under standard conditions, FPMD 
simulations were performed. Both complexes were stable at room temperature, exhibit ing, 
nonetheless, significant thermal oscillations of bond distances with respect to the average values 
(Table 1). Irrespective of the -diketonate nature, the average metal-ligand coordination distances 
(slightly higher than the optimized geometry values, Table 1) confirmed the greater lability of 
MnN bonds with respect to MnO ones, in line with previous results on Fe(hfa)•TMEDA.37, 38, 
53 
 Mn(hfa)2•TMEDA Mn(tfa)2•TMEDA Mn(hfa)2•TMEDA]+• [Mn(tfa)2•TMEDA]+• 
Bondc GO FPMD  GO FPMD  GO FPMD GO FPMD 
Mn-N1 2.248 2.36±0.12 2.303 2.39±0.14 2.036 2.14±0.04 2.099 2.25±0.10 
Mn-N2 2.248 2.34±0.09 2.303 2.39±0.14 2.036 2.14±0.04 2.253 2.25±0.11 
Mn-Oa1 2.123 2.15±0.10 2.117 2.17±0.09 2.116 2.16±0.08 1.852 1.97±0.14 
Mn-Oa2 2.123 2.16±0.10 2.117 2.17±0.11 2.116 2.16±0.09 1.846 1.99±0.12 
Mn-Oe1 2.128 2.17±0.10 2.120 2.15±0.10 1.889 1.95±0.06 1.949 2.05±0.12 
Table 1. Mn(dik)2•TMEDA and [Mn(dik)2•TMEDA]+• coordination bond lengths from GO (Å) 
and average values <r> ± Δr (Å) from FPMD simulations (25°C). Δr indicates the average 
amplitude of thermal oscillations of the metal-ligand bond distances.45 Values in bold refer to the 
longest metal-ligand bonds. Spin multiplicity: sextet, for Mn(hfa)2•TMEDA and 
Mn(tfa)2•TMEDA; quintet, for [Mn(hfa)2•TMEDA] + • and [Mn(tfa)2•TMEDA] + •. 
Taken together, these results highlighted a significant structural flexibility of the complexes under 
standard conditions, particularly evident for the MnN bonds. In this regard, previous studies on 
M(hfa)2•TMEDA precursors showed that the typical thermal CVD conditions significantly affect 
the most labile metal-ligand bonds,38,44-47 whose identification might provide insights into 
precursor decomposition mechanisms. In the present case, the most labile bonds of both complexes 
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are clearly the MnN ones, which would suggest an easier loss of TMEDA irrespective of the 
nature of the dik ligand. Nevertheless, it is worth recalling that PA-CVD conditions significantly 
differ from thermal-CVD ones, since the use of cold plasmas directly induces precursor ionizat ion.  
 
Figure 3. EI-MS spectra of: (a) Mn(hfa)2•TMEDA; (b) Mn(tfa)2•TMEDA. 
In order to shed further light on the target compound fragmentation and gain useful information 
for their possible use as PA-CVD precursors, EI-MS studies were carried out (Figure 3). For both 
compounds, the base peak of the spectra, located at m/z = 58, corresponded to (CH3)2NCH2+ ionic 
species originating from TMEDA cleavage. No molecular ion signals and, in general, no peaks at 
high m/z values were detected,51 suggesting the absence of polynuclear aggregates. This 
conclusion, in line with the results obtained by the other analysis techniques, is of importance for 
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the application of Mn(dik)2•TMEDA as PA-CVD precursors, since the presence of oligomeric 
structures would negatively affect both precursor mass transport properties and decomposition 
pathways. 
A careful examination of the obtained results evidenced a different behaviour of the two complexes 
under EI conditions. In fact, even if peaks due to losses of dik and TMEDA are well detected for 
both complexes, the relative intensities for these fragments are substantially different, as 
summarized in Table S3, SI. Even if for both complexes the base peak is due to (CH3)2NCH2+  
species (m/z 58), in the case of Mn(hfa)2•TMEDA, the loss of hfa leads to the ion at m/z = 378 
(relative abundance = 74%), while the loss of TMEDA yields the ionic species at m/z = 469 (2%). 
In contrast, for Mn(tfa)2•TMEDA, the diamine loss, generating the ion at m/z = 361 (42%), is 
favored with respect to tfa release (ion at m/z = 324, 4%). Other low abundance peaks are due to 
losses of CF2/CF3 moieties from L-containing fragments, leading to radical cations, as previously 
observed for similar compounds, such as Fe(hfa)2•TMEDA51 and Co(hfa)2•TMEDA.52 It remains 
to understand, however, why the loss of dik, or TMEDA, ligands is predominant for dik = hfa or 
tfa, respectively, in spite of the similarities in the structure and room-temperature behaviour of the 
two complexes. To address this issue, we calculated the minimum energy structures of putative 
[Mn(dik)2•TMEDA]+• radical cations that might be initially formed in EI-MS experiments, as well 
as in PA-CVD processes. In view of the provided energy inputs, such radical cations might well 
exhibit different spin multiplicities. Nevertheless, calculations performed for 
[Mn(hfa)2•TMEDA]+• and [Mn(tfa)2•TMEDA]+• by considering all possible spin states 
(Computational Section and Tables S4-S5, SI) indicated that the quintet spin state is energetica lly 
favored over the other ones. Thus, irrespective of the dik ligand nature, ionization should 
preferentially produce radical cations in the quintet spin state. The energy required to form such 
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species amounts to 173.2 and 158.9 kcalmol1, for Mn(hfa)2•TMEDA]+• and 
[Mn(tfa)2•TMEDA]+•, respectively. Such values are in line with those recently found for a Fe-
containing PA-CVD precursor33 and fully compatible with the energy-intensive conditions 
associated to the use of cold plasmas. Interestingly, the ionization energy was lower for 
Mn(tfa)2•TMEDA, which could possibly make this compound a better candidate as a potential PA-
CVD precursor. 
As concerns structural properties, data in Table 1 reveal that, irrespective of the -diketonate, 
radical cations basically maintain a pseudo-octahedral coordination environment, with metal-
ligand distances shorter than in the parent complexes. Nevertheless, whereas the latter had very 
similar geometries (Table 1), the most stable structures of molecular ions are indeed strikingly 
different (Figure 4). In particular, the longest metal-ligand distances – thus, presumably the most 
labile bonds – involve the diketonate in [Mn(hfa)2•TMEDA]+•, and the diamine in 
[Mn(tfa)2•TMEDA]+• (Table 1). These data would suggest a different fragmentation behavior for 
the two radical cations: the loss of a hfa moiety should be favored for [Mn(hfa)2•TMEDA]+•, 
whereas [Mn(tfa)2•TMEDA]+• should preferentially decompose by releasing TMEDA. To 
investigate whether such structural differences were maintained even under operative conditions, 
FPMD of [Mn(dik)2•TMEDA]+• radical cations were performed at 180°C. Simulations results  
(Table 1), basically confirm that TMEDA is less tightly bound than dik in [Mn(tfa)2•TMEDA]+•, 
whereas the opposite occurs in [Mn(hfa)2•TMEDA]+•, rationalizing thus the different 
fragmentation patterns evidenced by EI-MS experiments (Figure 3, Table S3, SI). Finally, 
Mn(tfa)2•TMEDA, the complex with the lower ionization energy, never utilized in PA-CVD 
processes so far, was chosen for proof-of-concept preliminary experiments aimed at validating its 
applicability as PA-CVD precursor. 
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Figure 4. Calculated minimum structures of [Mn(dik)2•TMEDA]+• radical cations in the quintet 
spin state. Atom color codes as in Figure 1. 
Experiments were carried out at 300°C, a temperature much lower than those reported in previous 
studies for the thermal CVD growth of Mn fluorides and oxides from Mn(hfa)2•TMEDA.8,32 For 
the sample prepared in the absence of oxygen (Figure 5), the XRD pattern exhibited peaks located 
at 2 = 26.0°, 32.8°, 37.0°, 37.8° and 50.2°, that could be respectively ascribed to the (110), (101), 
(200), (111) and (211) reflections of tetragonal MnF253 [mean crystallite size = (30±4) nm]. In a 
different way, the introduction of oxygen in the plasma resulted in the disappearance of fluoride 
reflections and in the presence of signals at 2 = 28.7°, 37.4° and 42.8°, related to the (110), (101) 
and (111) planes of tetragonal MnO2 [pyrolusite; mean crystallite size = (20±5) nm].54 
This result evidences the high oxidizing power of oxygen-containing plasmas, that, in the present 
case, enable an increase of the manganese oxidation state from +2 to +4 and a switch of the system 
structure from MnF2 to MnO2. A comparison of the obtained relative intensities with those 
pertaining to the reference patterns enabled to rule out the occurrence of significant preferentia l 
orientation phenomena in the case of MnF2. In a different way, for the MnO2 specimen, the 
I(110)/I(101) intensity ratio was reversed with respect to the powder spectrum,54 suggesting the 
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occurrence of possible preferred orientation effects/anisotropic growth.  
 
Figure 5. XRD patterns of Mn-containing nanodeposits obtained without (red pattern) and with 
(black pattern) the introduction of an O2 flow in the used plasma. 
To investigate the system nano-organization as a function of oxygen presence in the reaction 
environment, both plane-view and cross-sectional FE-SEM analyses were performed (Figure 6). 
For MnF2, the reported micrographs display the formation of a compact and highly faceted deposit, 
with an average aggregate size of (90±30) nm and a mean thickness of (160±10) nm. In a different 
way, the MnO2 specimen was characterized by the presence of an underlayer “seed layer” [average 
aggregate length and width = (60±10) nm and (16±5) nm, respectively; mean thickness = (300±30) 
nm] in contact with the substrate surface, on which the growth of randomly distributed protruding 
nano-leaves (average lateral dimensions = (1.0±0.2) m; average vertical size = (1.4±0.3) m] 
could be observed. Such kind of anisotropic growth, in line with the above presented XRD data, 
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yielded high surface area nanostructures, paving the way to possible catalytic and photocatalyt ic 
applications of the developed nanomaterials. 
 
Figure 6. Plane-view (left) and cross-sectional (right) FE-SEM micrographs for MnF2 (a, b) and 
MnO2 (c, d) nanodeposits.  
The system chemical composition was finally examined by XPS. To this aim, Figure 7a displays 
wide-scan XPS spectra of both MnF2 and MnO2 nanodeposits, that were dominated by Mn 
photopeaks. Irrespective of the synthetic conditions, carbon signal disappearance after a few 
minutes of Ar+ erosion indicated that it mainly arose from exposure to the external atmosphere, 
confirming a clean precursor decomposition under the adopted conditions. 
200 nm
50 nm
(a)
100 nm
(b)
50 nm
200 nm 200 nm
(c) (d)
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Figure 7. (a) Surface-wide-scan XPS spectra for MnF2 and MnO2 specimens. The detailed (b) 
Mn2p, (c) Mn3s, (d) O1s, and (e) F1s surface photoelectron peaks pertaining to the two samples 
are also reported. 
A similar phenomenon took place also for the O1s signal in the MnF2 sample, highlighting the 
obtainment of a pure fluoride phase. These issues are of considerable importance, taking into 
account that the only previous PA-CVD work on MnOx fabrication reported on the obtainment of 
highly contaminated systems.36  
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Quantitative analyses yielded atomic F/Mn and O/Mn ratios of 1.4 and 1.7, for depositions carried 
out in the absence/presence of oxygen respectively. Such values are both lower than the expected 
stoichiometric ones, suggesting the presence of an appreciable surface defectivity. This feature  
could play an important role in determining the reactivity of the obtained materials in various 
technological fields, ranging from sensing to (photo)catalytic applications.The Mn2p photopeaks 
for the target materials, displayed in Figure 7b, were in good agreement with literature data for 
MnF2 and MnO2 in terms of both shape and position [for MnF2, BE(Mn2p3/2) = 642.7 eV and spin-
orbit splitting (SOS) = 12.6 eV;10,12,55 for MnO2, BE(Mn2p3/2) = 642.5 eV and SOS = 11.8 eV, 
respectively.5,15-16 The manganese oxidation state in the two cases was further confirmed by 
examining the magnitude of the Mn3s (Figure 7c) multiplet splitting separation, which is 
considered as a fingerprint for this parameter.3 In line with previous studies, the obtained values 
were 6.2 and 4.7 eV for MnF2 and MnO2, respectively.13,36 For the latter system, the main 
contribution (I) to the O1s photopeak (Figure 7d) at 529.7 eV was attributed to lattice oxygen in 
MnO2, whereas the second minor band (II) located at BE = 531.5 eV could be mainly ascribed to 
adsorbed –OH groups/chemisorbed oxygen species.5-6,14,16 For MnF2, the F1s signal (Figure 7e) 
was characterized by a single component centred at a BE value of 685.2 eV, in agreement with the 
occurrence of lattice fluoride.10,55 Even for the MnO2 sample, the F1s surface peak, though much 
less intense than in the previous case, could be detected (atomic F/Mn ratio = 0.04). In this case, 
two different bands contributed to this photopeak, a high BE one (BE = 688.5 eV), due to CFx 
moieties, and a second one at BE = 684.9 eV, traced back to F incorporation into manganese oxide 
lattice.10,49,56-57 These results may play a major role for the eventual tailoring of material functiona l 
properties in gas sensing and photocatalytic applications, as already observed for iron and cobalt 
oxides obtained via PA-CVD from M(hfa)2•TMEDA (M = Fe, Co) precursors.34,52,58-59 
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CONCLUSIONS 
In the present work, Mn(dik)2•TMEDA complexes have been characterized for eventual 
applications as PA-CVD precursors. The detailed characterization of their properties and 
reactivity, never reported in the literature so far, disclosed the microscopic behavior of their 
molecular ions and highlighted their potential for the target applications. Both compounds possess 
a monomeric structure with a pseudo-octahedral Mn core. Their fragmentation pathways, based 
on the initial loss of the diamine or of the diketonate, depending on the ligand nature, suggest a 
remarkable versatility of these precursors, which paves the way to their favorable application in 
PA-CVD processes. In this regard, the utilization of Ar or Ar-O2 plasmas enabled to drive the 
precursor conversion into MnF2 or MnO2, respectively. The fabricated systems, obtained for the 
first time by the proposed route, are characterized by well controlled phase composition and 
manganese oxidation state. These features, along with the tailoring of system defectivity and 
morphology, are favorable pre-requisites in view of various functional applications, for instance 
in photocatalysis for pollutant decomposition/hydrogen production and gas sensing of 
flammable/toxic analytes. In this regard, variations of PA-CVD conditions and tests of 
Mn(hfa)2•TMEDA in similar processes will be a part of our future studies devoted to the synthesis 
of MnO2-based materials. 
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